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Executive Summary

Executive Summary
Precast prestressed hollow core floors are a widely used structural element which
offers increased speed of construction, reduced self-weight and many other
advantages. Due to the relatively low span-to-depth ratio and the speed of
construction hollow core slabs are utilised in a large number of commercial buildings.
In order to carry the services to the upper floors an opening must be made within the
prestressed slab. Cutting an opening in a prestressed slab has significant effects on the
structural behaviour of the slab and can considerably reduce the ultimate capacity of
the slab.

This paper outlines the limited available guidance on this topic and examines the
development of the prestress within the transmission length as this has a substantial
impact on the effects of an opening.
A methodology for the implementation phase is outlined. The effects of an opening
created by cutting prestressing strands will be modelled using the LUSAS Finite
Element Analysis program and the data collected will be used to develop new and up
to date guidance on this design issue.

The developed guidance will then be incorporated into a VBA Design Program which
take design inputs from a user and apply them to a selected slab from an in-built
database. This program will output all relevant design checks.
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1.0

Introduction

Introduction

Precast prestressed hollow core slabs are in wide spread usage as they are capable of
spanning long distances and, due to the voids, have a relatively low self-weight. In
more traditional forms of slab construction an opening to allow access for services
between the floors can easily be accommodated by providing additional
reinforcement. This is not the case with precast prestressed hollow core slabs, where
the manufacturer has a streamlined production process which would be significantly
delayed if additional reinforcement had to be added to the slab, and so there would be
a large cost increase. Generally providing an opening for services requires that at least
one prestressing strand be cut. The prestressing strands are what provide the slabs
with their resistance and so cutting them has significant effects of the capacity of the
slabs.

Despite the common usage of prestressed slabs there has not been guidance published
on the design considerations of openings since 1998 when the Precast / Prestressed
Concrete Institute (PCI) gave some brief guidance on the effect of openings within
slab systems

1.1.

Project Aim

The aim of this is to present all current guidance on the effects of openings within
hollow core slabs, which require the cutting of one or more prestressing strands. The
areas which have a significant effect on the behaviour caused by the opening will also
be identified so that a preliminary Finite Element Analysis (FEA) can be conducted to
see if this results in a general agreement with the available guidance.

1.2.

Project Objectives

The project objectives can be broken down into the following;

•

Identify and source all relevant guidance on the provision of openings within
precast prestressed hollow core slabs.
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Identify the general size of openings within slabs and the methods used to
ereate them, ereated during manufaeture or on site.
Prepare preliminary FEA models and validate them against hand ealeulations
Develop a methodology to earry out the required researeh and produee
relevant up-to-date guidance.
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2.0

Prestressed Hollow Core Slabs

Prestressed Hollow Core Slabs

Prestressed hollow core slabs are an advanced concrete product, which takes
advantage of concretes high compressive strength in order to compensate for its low
tensile strength. A compressive force, in the form of a prestressed strand, is applied at
an eccentricity with the aim of reducing or eliminating tensile stresses within the
section at service loads. In conventional reinforced concrete design the tensile
resistance of the concrete is generally ignored and steel rebar is used to resist the
tensile stresses. The placing of conventional reinforcement in a hollow core slab
would greatly hinder the manufacturing processes and so it is generally excluded. This
is justified by the high quality of the concrete due to casting conditions and extensive
research into these sections, which show that the tensile stress capacity of these units
should be taken into account during design [1].

Hollow core slabs are widely used as they offer many benefits over conventional
flooring systems. However, they are generally designed as individual units and so
when openings within the floor are required, without the provision of additional
support, the size of the openings are limited by the amount of concrete and prestress
that can be removed from these sections.
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Figure 2.1) Load Span Chart for Hollow Core Slabs
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2.1.

Prestressed Hollow' Core Slabs

Advantages of Hollow Core Slabs

Precast concrete hollow core slabs have several benefits over conventional in-situ cast
floors. These benefits include high quality, reduced self-weight,

increased

construction speeds, hidden service runs and reduced labour.
2.1.1.

High Quality

There are many factors that affect the final material properties of concrete. These
include the time between mixing and placing, the level of compaction and curing
conditions. Hollow core slabs are produced under factor conditions, generally with an
on-site batching plant. This allows greater controls to be put in place to monitor and
correct any deviations in material and geometric properties. This results in the
manufacture of a product with consistently high quality.
2.1.2.

Reduced Loading

The continuous longitudinal voids within the slabs can reduce the amount of concrete
used by up to 50% in comparison to a slab of equivalent depth. The low self-weight,
along with the prestressing, results in an optimised section that can be designed to
achieve spans of up to 20 metres [1]. The reduction in the amount of concrete used
also results in cost savings for the manufacturer and a lower level of embedded carbon
for the overall project.
2.1.3.

Construction Speed

As hollow core slabs can be installed as soon as the structural frame is complete, there
are significant time gains as there is no need to install a temporary support structure.
Once the slabs have been placed they provide a safe work platform for subsequent
works to be carried out. A skilled installation crew can place up to 600 square metres
of flooring a day [2].
2.1.4.

Hidden Services Runs

With sufficient planning the voids in the slabs can be aligned in order to provide
hidden service runs. The voids can be used for electrical wiring or as a passive heat
distribution network.
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Reduced Labour

The hollow core slabs are produced in a factory environment. Each manufacturer has
a range of cross-sections and prestress arrangement patterns. This allows the
production process to be broken down into a series of repetitive steps, which can be
accomplished by a reduced work force. The reduction in labour also extends to site as
there is no need for a temporary structure to be erected to support the casting of a
floor slab. The need for formwork and steel fixers has also been significantly reduced
or eliminated.

2.2.

Manufacturing Process for Prestress Hollow Core Slabs

Prestressed hollow core slabs are mass produced elements that utilise mechanical
systems to increase the manufacture rate and the quality. These slabs are generally
produced in one of two ways, by extrusion or slip forming, along a casting bed
typically between 80 to 150 metres. Once the concrete has reached sufficient strength
the slabs are cut to length depending on the project requirements.
2.2.1.

Extrusion

The extrusion process is a dry cast system that utilises a very low slump concrete. The
concrete is forces through a machine which compacts the concrete around the cores
that can be formed using either augers or tubes [3].
2.2.2.

Slip Forming

Slip forming uses a higher slump concrete. This concrete is fed into a slip forming
machine, which progresses along the casting bed. The voids can be formed by
pumping light weight aggregate through tubes in the slip forming machine, pneumatic
tubes anchored in a fixed form or by utilising slip forming tubes which progress down
the casting bed with the mainmachine.

2.3.

Case Study:Ducon Concrete Ltd

In order to gain a better understanding of the manufacturing processes of hollow core
slabs a site visit was undertaken to the Ducon Concrete Ltd. production facilities.
Ducon utilises a slip forming process to cast their hollow core slabs on beds of 114
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metres in length. In order to ensure quality, all eonerete used is mixed on-site. The
batehing plant ean be seen in Figure 2.2.

Figure 2.2) Diicon Concrete Batching Plant

The first step in the manufaeturing process is to lay out the strands in the specified
arrangement and jacking them to the correct level of prestress. The strand template
and anchorage can be seen in Figure 2.3. Ducon use 9.3 mm and 12.5 mm strands
depending on the depth of the slabs and stress the strands to 70% of their breaking
load.

Figure 2.3) Strand Arrangement

Eoghan Lodge MEng in Structural Engineering

Effect of Openings on Hollow Core Slabs

Prestressed Hollow Core Slabs

After the strands have been stressed, the eoncrete is loaded into the hopper of the slip
forming maehine, whieh is shown in Figure 2.4. This machine casts the slab in three
stages. First the base of the slab is poured and compacted. Next the moulds for the
voids move into position. These moulds can be changed to allow the casting of slabs
with different depths or void profiles. The slip forming moulds slide back and forth
along the longitudinal plane as concrete is poured between them in order to help the
compaction and stop the concrete from adhering to the moulds. While the moulds are
still in place the deck of the slab is poured and compacted. This process continues for
the full 114 metre length of the casting bed. A brush is dragged along the back of the
slip former in order to leave a rough finish that is necessary to develop a good bond
between the slab and any screed.

Figure 2.4) Slip Forming Machine with Concrete Hopper

The slip forming process is shown in Figure 2.5.
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(a) Void Moulds over Base Slab

(c) Compaction of Deck Slab

Prestressed Hollow Core Slabs

(b) Concrete Poured between Moulds

(d) Scouring of Top Surface

Figure 2.5) Stages in Casting of Hollow Core Slab

After the slip forming proeess has been eompleted any modifieations to the slab,
whieh involve the removal of eoncrete, are made before the eonerete hardens.
Common modifieations inelude longitudinal euts along the eores to allow for partial
infill and the removal of eonerete around the strands to allow for openings within the
slab profile. The strands are not eut until the slabs have been plaeed on-site. This
allows the eoncrete to gain greater strength, which reduces prestress losses. Such an
opening is shown in Figure 2.6.

Eoghan Lodge MEng in Structural Engineering

8

Effect of Openings on Hollow Core Slabs

Prestressed Hollow Core Slabs

Figure 2.6) Wet Cut Opening around Strands

After the eonerete has reached a sufficient strength to resist the prestressing force,
between 24 and 48 hours, the strands are cut and the slab is cut into the ordered length
using a large circular saw. The individual slabs are then lifted tfom the bed using a
gantry crane, which runs down the full length of the casting bed. These slabs are then
stored before delivery to allow further curing as the concrete strength must increase
from the transfer strength of 30N/mm to the service strength of 50 N/mm . The slabs
are then stacked on a trailer, with supports provided where needed, to await delivery.

2.4.

Provision of Openings

Openings are required in all floors for stairs, lifts, services, etc. Stairs and lifts require
large openings that are facilitated within hollow core flooring systems by using a
trimmer bracket, which effectively transfers the load tfom a shortened slab onto the
adjacent slabs. However, smaller openings to allow for service rises must be
accommodated within the individual slabs. Small openings, which fit between the
cores and do not interfere with the prestressing strands, can be easily accommodated.
Larger service openings, which require the cutting of the prestressing strands, must be
carefully analysed to ensure that the reduction in cross section and the loss of
prestress have not weakened the slab to the point where it will fail at service loads.
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Design Guidance on Openings

Design Guidance on Openings in Hollow Core Slabs

Prestressed hollow eore slabs gain their struetural resistance by applying a
compressive force, through the use of prestressed steel strands, to the section at an
eccentricity. By carefully managing both the magnitude and eccentricity of the
prestressing force, the tensile stresses developing within the section can be controlled
so that they do not exceed the tensile strength of the concrete. As these slabs are
manufactured under factory conditions the quality of the concrete can be guaranteed
and so it is acceptable to allow for the tensile strength of the concrete. As hollow core
slabs gain their strength from the application of prestressing forces, openings in the
slab that require the cutting of the prestressing strands has a significant effect on the
slabs shear and bending resistance depending on where the opening is situated within
the slab. Any opening within a slab will cause a build-up of stress, especially at any
corners. This stress concentration is of greater significance in hollow core slab as the
slab is also locally losing the prestressing force at the opening and it is the
prestressing force which is used to control the stresses. Considering how common
openings within llooring systems are it is surprising how little design guidance there
is for the provision of openings within hollow core slabs. Several sources of guidance
were investigated including Euro Norms, Federation Internationale de la Precontrainte
(FIP) and Precast / Prestressed Concrete Institute (PCI) publications that are dedicated
to the design of hollow core slabs.

3.1.

I.S. EN 13369 and I.S. EN 1168 |4 - 5|

I.S EN 13369 is the Euro Norm for precast concrete products and I.S EN 1168 is
specifically related to hollow core slabs. These documents do not offer any guidance
on the provision of openings within prestressed hollow core slabs but they do set out
conformity criteria, which require that testing be carried out on any slab if there is a
major change in the design of the cross section or if there is a change which could
significantly affect shear resistance.
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3.2.

FIP Precast Prestressed Hollow Core Floors [I)

The earliest guidanee found on the design considerations of openings in prestressed
slabs was published in the FIP guidance document ‘Precast Prestressed Hollow Core
Floors’ in 1988. This document outlines a number of simplified rules that can be used
to allow for the effect of openings when carrying out the analysis and design
calculations. The rules outlines are as follows,
•

Single openings drilled through the cores with a maximum diameter of 90% of
the core width can be ignored in the analysis providing that the opening does
not interfere with the prestressing strands.

•

Larger openings might require transverse reinforcement in the top layer of the
slab to prevent longitudinal cracks from developing, especially at the comers
of the opening where stresses will concentrate.

•

When analysing slabs with openings, which require the cutting of any of the
prestressing strands, the load bearing capacity should be calculated for a
section with an opening with the length enlarged by twice the width, as
outlined in Figure 3.1.

a enlarged = a + 2d

4

Figure 3.1) FIP Recommendation for Analysis of Openings |3|

Openings which require the cutting of tendons at a free edge should be
avoided.
The transmission length of any cut strand should be considered to begin at the
edge of the enlarged opening as outlined in Figure 3.1.
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Where openings have been created before the slabs have been erected, the
handling, transport and erection support conditions must also be analysed to
ensure that the slab has sufficient capacity during these temporary conditions.

The document provides further guidance on the width of an opening before transverse
reinforcement is normally required. It recommends limiting the width of an opening
located on the side of a slab to 430mm and limiting the width of an opening within the
section to 600mm. These limiting values are outlined in Figure 3.2.

2

L.

MytrcTOopo^

Hr-I

Soclion AA, h

mm

Mroopocrptw
1-^

Secllon BB, b

600 mm

Figure 3.2) FIP Recommendations for Limiting Opening Widths 11|

3.3.

PCI Manual for the Design of Hollow Core Slabs |3|

The PCI Manual examines the effects of openings within a bonded flooring system
instead of a single prestressed slab. It highlights the importance of considering the
layout of openings and notes that the least structural effect will be obtained if the
longest dimension of the opening is oriented parallel to the span as this results in the
least number of prestressing strands being cut.

The screed which bonds the individual slabs can redistribute stress concentrations,
which develop around openings, into adjacent slabs located within a defined distance
from the opening. As well as stress concentrations, openings also cause torsional
Eoghan Lodge MEng in Structural Engineering

12

Effect of Openings on Hollow Core Slabs

Design Guidance on Openings

effects within the slab. These torsional effects will interact with the shear stresses and
so must be considered when calculating the shear resistance of the slab. When
considering bending the areas of concern are the length of the opening parallel to the
span and the embedment length of any cut strands from the end of an opening to the
point of maximum moment. The embedment length is of importance as this must be
greater than twice the transmission length for the strands to reach maximum prestress.
If the point of maximum moment lies within the transmission length the slabs will not
have the designed resistance.

Figure 3.3 shows a graphical representation of the guidance recommended by the PCI.
Some typical opening configurations are shown with recommendations on the
effective resisting slab width.

Figure 3.3(a) shows the recommendations when a relatively small opening is to be
provided at or near mid-span, so long as it lies within the limitations shown. When the
slab is subjected to bending the load from the short slabs can be distributed into and
resisted by slabs within 0.25L on either side of the opening. Under uniform loading,
there are no special shear considerations which need to be considered so long as the
edge of the opening does not lie within 3/8L of the slab bearing. When considering
non-uniform loads an alternative method of detemiining the effective resisting width
must be used.

Figure 3.3(b) outlines the recommended design considerations when a larger opening
is provided in the slab. In this instance the edge of the opening is located within 3/8L
of the slab bearing and as such shear must be considered. It is recommended that
shear be allowed for by considering the edge of the opening closest to the bearing as a
free edge. As such, loads from the short slabs will be transferred to the adjacent slabs
as an edge load. This will result in torsion effects within the adjacent slabs, which will
be considered by reducing the effective width at the bearing unless the torsional shear
stresses are directly calculated.
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Figure 3.3(c) shows the extreme case where an opening is positioned at the end of a
span. As with the previous case this results in a reduction in the effective width
available to resist the shear stresses in order to account for the torsional shear stresses.
If this opening is extending less than the lesser of 0.125L or 1.2 metres then its effects
can be ignored when considering bending. However, if the opening reduces the
available embedment length of the cable below the required transmission length at
both ends of the strands then the bending resistance will need to be reduced to reflect
this. When considering non-uniform loads in the area of opening it is recommended
that these loads be treated as being at a free edge for the shear calculations.

(C)

Figure 3.3) Effective Resisting Slab Width I3|
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4.0

Transfer of Prestress

The prestressing force in the strands is transferred into the concrete section by the
bond between the steel strands and the concrete. There are three mechanisms which
contribute to this bond [6],
1) Adhesion between the steel and the concrete
2) Shearing resistance (dilatancy)
3) Friction in the form of transverse compression
The prestressing force is transfeiTed into the concrete over a distance known as the
transfer or transmission length, denoted Lpt in Eurocode 2. The stress in the strand is
zero at its ends and increases over the transmission length until it reaches the effective
prestress. Adhesion is the primary mechanism which resists the bond stress at
intermediate points along the length of the section. However, during transfer the
strands invariably slip and sink into the concrete in the transfer zone which eliminates
most of the adhesion. Therefore the bond stresses in the transfer area are due to
friction and shearing resistance [6]. The distribution of bond stresses and the stress in
the steel and concrete in the transfer zone are shown in Figure 4.1.
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Figure 4.1) Distribution of Stresses |61
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Figure 4.1 shows that the maximum bond stress oeeurs in the zone of transverse
eompression. As the bond stress deereases towards zero, the stress in the steel and the
conerete inerease to their maximum values.

4.1.

Hoyer Effect |7|

The Hoyer effeet has a significant impact on the transfer of prestress and describes the
effect on the prestressing strand due to Poisson’s effect and the distribution of stress
within the transfer zone. As described in Section 2.3, the first step in the production of
prestressed hollow core slabs is to layout the strands in the correct arrangement and
then apply a tensile force. As the tensile force is applied the diameter of the strands
reduces in accordance with Poisson’s ratio for steel. After the strands are cut tree of
the temporary anchorage they sink into the concrete and the prestress at the ends
reduces to zero. As there is no stress in the end of the strand it returns to its original
diameter. Due to the distribution of stress along the transmission length, ranging ifom
zero at the end of the section to the effective prestress at the end of the transmission
length, the strands adopt a wedge shape in accordance with Poisson’s ratio. The stages
in the development of the Hoyer effect can be seen in Figure 4.2.
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c) Transfer of prestress
Figure 4.2) Development of Hoyer Effect [Tj

4.2.

Transmission Length

The transmission length is the required distance that a strand must be embedded into
the concrete section in order to fully transfer the prestress. There are many different
factors which affect the transmission length and these are dealt with differently in
different codes of practice and research papers. This section will present a range of
different design codes and research papers.
4.2.1.

Eurocode 2 - I.S. EN 1992-1-1181

When calculating the transmission length in a prestressed section Eurocode 2 takes
into account a large number of contributory factors. Some of the design assumptions
made in the Eurocode are simplifications of the conditions in reality. For instance, the
first step in the calculation of the transmission length is to calculate the bond stress,
which is assumed to be constant, but which Figure 4.1 shows to vary within the
transmission length.
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Eqn.SAS
CL^A0.2.2{\)

Equation 4.1:
Where:
Ppi

is a coefficient that takes into account the type of tendon and the bond
situation at release
is a coefficient which takes into account the bond condition

fctd (f) is the design tensile strength of the concrete at the time of release

Equation 4.2: ftaiO =

fctm(^)/Yc

Where:
a^t

is a coefficient taking account of long term effects on the tensile
strength and of unfavourable effects, resulting from the way the load is
applied

fctdiO is the tensile strength at a specified time
Yc

Equation 4.3:

is the partial safety factor tor concrete and is found in Table 2. IN

ftmiO

=

Eqn.3A
Cl.3 A.2{9)

{PcdOTfcctm

Where:
/?cc(t) is a coefficient whieh depends on the age of the eoncrete t
a

is a eoefficient based on the age of the eoncrete

fctm

is the mean value of the axial tensile strength of concrete given in
Table 3.1

1/2

Equation 4.4: Pcc^t) —

-(?)

Eqn.3.2
C/.3.1.2(6)

Where:
s

is a eoefficient whieh depends on the type of eement

t

is the age of concrete in days
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At this stage the eonstant bond stress can be calculated. The next step is to calculate
the basic value of the transmission length.

Equation 4.5:

= ctiazOf^pmo/fbpt

Eqn.^A6
0.8.10.2.2(2)

Where:
ai

is a coefficient based of the release conditions, gradual or sudden

a2

is a coefficient based on the type of strand used

0

is the nominal diameter of the tendon

^pmo

is the tendon stress just after release

Once this basic value has been established the design transmission length can be
calculated and should be taken as the least favourable value obtained ifom the
Equation 4.6 & Equation 4.7.

Equation 4.6: Ipf-i = 0.8/pt

Eqn.^Al
0.8.10.2.2(3)

Equation 4.7: lpf-2 = 1.2/^pt

Eqn.HAS
0.8.10.2.2(3)

Generally the lower of the two values is used for the verification of local stresses at
release while the higher value is used when considering factors critical in the ultimate
limit state such as shear. Both Values of transmission length will be investigated to
detemiine which is the most suitable when determining the effects of an opening.
In the context of this research the purpose of calculating the transmission length is to
facilitate the modelling of prestressed hollow core slabs using the LUSAS finite
element analysis programme. At this stage it is assumed that the rapid development of
the prestress in the transmission length is beneficial and so the Eurocode simplified
assumption that the stress development within the transmission length is linear will
have a negative effect on the accuracy of the model. For this reason, it is important
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that alternative methods of calculating the transmission length, which account for a
parabolic distribution of stress, proposed by different codes of practice and research
papers should be examined.
The slabs to be modelled use a 7-wire strand with good bond conditions. The strands
undergo a sudden release as they are cut with a circular saw. Rapid hardening cement
is used to increase production rates and the slabs are generally cut and lifted from the
casting bed after three days. The strands within the wet cut openings are generally left
to be cut on site. As such the transmission length was calculated varying only the
strength of the concrete and the age of the concrete at release in order to determine the
significance of these variables on the transmission length. The results from these
calculations can be seen in Table 4.1, the full calculations can be seen in Appendix A.
% Reduction in

Age of Concrete (Days)
Strength

16 Mrs

3

7

28

56

190

Length due to
Increase in
Strength

40

1567.25

789.41

639.24

523.36

503.31

482.07

45

1443.52

727.09

588.77

482.05

463.57

444.01

7.89

50

1337.89

673.89

545.69

446.77

429.65

411.52

7.32

55

1306.04

657.84

532.7

436.14

419.42

401.72

2.38

49.63

19.02

18.13

3.83

4.22

% Reduction in
Length due to
Increase in Age

Table 4.1) Transmission Length in Millimetres

From Table 4.1 it can be seen that there is very little benefit to increasing the concrete
strength beyond 50 N/mm and only minor benefits are obtained by delaying the
cutting of the strands beyond 28 days.
4.2.2.

British Standard - BS 8110-1:1997

The main factors affecting transmission length identified by the British Standard are,
•

The degree of compaction of the concrete

•

The size and type of tendon
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K
•

The strength of the eonerete

•

The deformation and surfaee condition of the tendon

(III>

It is recommended within BS 8110 that where possible the assumed value of the
transmission length should be based on experimental evidence specific to the site or
factory where the slabs are manufactured. It has been shown that the transmission
length can vary a great deal depending on the factory or site conditions. This is
highlighted within the code by the example of the transmission length for a wire
tendon which can vary within a range of between 50 to 160 times the diameter of the
tendon.

With regard to the compaction of the concrete the code recognises that the concrete at
the bottom of the slab is likely to be better compacted then the concrete at the top of
the section. As such, tendons located near the top of the section will have a greater
transmission length than identical tendons located in the bottom, better compacted
region of the section. The rate of release of the tendons is also acknowledged as
having a significant effect on the transmission length. A sudden release of the tendon
will result in a longer transmission length than if the tendon was gradually released
from the temporary anchorages. It is additionally specified that in the eireumstance
where the tendon is unbounded near the end of the unit the transmission length should
be measured from the end of the unbounded section of the tendon.

Where experimental evidence is not available BS 8110 puts forward Equation 4.8 as a
method to calculate the transmission length. This formula is only suitable for use
when the initial prestressing forces are no greater than 75% of the tendons
characteristic strength and when the ends of the prestressed unit are fully compacted.

Equation 4.8; /f =

V f ci

Eqn.6Q
C/.4.10.3

Where:
fi

is the concrete strength at transfer

(p

is the nominal diameter of the tendon
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is a coefficient tor the type of tendon and is selected tfom the following:

Kf-

•

Transmission Length

plain or indented wire (including crimped wire with a small wave height):
K, = 600

•

crimped wire with a total wave height not less than 0.15(p: Kt = 400

•

7-wire standard or super strand: Kt = 240

•

7-wire drawn strand: Kt = 360

The British Standard also assumes a linear distribution of stress along the
transmission length. When compared to the Eurocode it is clear that the formula is not
as extensive, but this is expected as it is an older code which has been superseded by
the Eurocode.
4.2.3.

Gyorgy L. Balazs. Transfer Length as a Function of Draw-in and
Initial Prestress

In this paper the author examines several different formulas for the calculation of
transfer length, both linear and non-linear. He begins with Guyon’s formula which
expresses the transfer length as a function of both the draw-in and the initial prestress.
In this paper the calculation of the transfer length differs from that found in the codes
in that several of the formulas examined distribute the stress in the transfer length
through a parabolic curve instead of the simplified linear distribution assumed by both
Eurocode 2 and BS 8110. As the curve provides a greater portion of the prestress at
the initial section of the transfer length, this would be beneficial when considering
openings as it is the loss of prestress that has such a negative effect on the resistance.
The faster the prestress is transfer to the concrete section the greater the overall
resistance
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Transmission Length

•,01-3
;b-1A
•>-2

C, . ksi

(a) Transfer ler>glh vs. Initial presireas. AssirjrrwJ draw-ln: S ■ 1.42 mm (0.056 In.)

Figure 4.3) Function which Expresses Prestress Development as a Curve |9|

The curve function shown in Figure 4.3 will also be examined using FEA to
determine it the more rapid transfer of prestress in the initial portion of the transfer
length has a significant effect on resistance.
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5.0

Finite Element Study

Finite Element Study

The purpose of the Finite Element Analysis (FEA) is to gain a more detailed
understanding of the distribution of stresses within a hollow eore slab caused by the
creation of an opening which requires the cutting of one or more of the prestressing
tendons. As the opening alters the behaviour of the slab, verification of the model by
hand calculation would be extremely difficult. Therefore, to validate the FE models a
full slab with no opening was modelled. The results from this model could then be
compared to hand calculations for the expected upward deflection of the slab under
only self-weight and the loss of prestress in each tendon due to the elastic shortening
of the concrete under the prestressing load. Once it has been verified that the LUSAS
FE programme can accurately model this behaviour, the modelling can be taken to the
next step and openings can be examined.

5.1.

Geometry

A 200 mm deep slab with 11 oblong cores was modelled. The geometry was imported
from AutoCAD due to its complexity and was then refined to better suit the
requirement of LUSAS. The cross section of the modelled slab is shown in Figure 5.1.

r

:u: u: :u: u:

:u:

U.

tj; :u: :u: :u.

U-

Figure 5.1) Cross Section of 200 mm Deep Slab

Additional points had to be added to the cross section after importing it from
AutoCAD so that there would be greater control over the meshing process. The cross
section was then swept through the z-axis in three stages to allow for a variation in
prestress to be modelled along the transmission length. 9.3 mm diameter tendons were
modelled for this slab
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5.2.

Finite Element Study

Material Properties

Material properties were assigned to both the concrete and the prestressing strands.
The concrete was taken as 50 N/mm and the prestressing steel option within the
material library was chosen for the strands. The material properties provided are
outlined.

Concrete Properties,
Elastic -

Young’s Modulus, E =

39 Gpa

Poisson’s Ratio, v =

0.2

Uniaxial compressive strength

50 N/mrn

Young’s Modulus, E =

195 Gpa

Poisson’s Ratio, v =

0.3

Steel Properties,
Elastic -

5.3.

Boundary Conditions

The slab was modelled as simply supported with a pin support at one end and a roller
support at the other. This support arrangement is shown in Figure 5.2.

Figure 5.2) Model Support Arrangement
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5.4.

Finite Element Study

Loading

The prestress was applied to the slab in three stages in order for the correct transfer
behaviour to be modelled. Figure 5.2 shows how the model was swept out in three
stages so that the transmission length could be included in the model. Within the areas
set out for the transfer of the prestress a line variation was applied to the stress and
strain loading option. This allowed for a linear increase in stress, from zero at the end
of the slab up to the effective stress at the end of the transmission length, as is in-line
with the stress distribution set-out in the Eurocode. A constant stress was then applied
to the remaining length of the tendons. Self-weight was then applied to the section.

5.5.

Mesh Refinement

As the main area of interest within the research is the stress development within the
slab, stress was chosen as the element under which mesh refinement would be carried
out. Figure 5.3 Shows that there is no significant advantage to increasing the element
size beyond 280 mm. Refining the mesh beyond this point will only increase the run
time of the model without the justification of significantly more accurate results.

Element

Stress

Length

%
Difference

500 mm

5.336 N/mm^

300 mm

3.141 N/mm^

41.14%

200 mm

2.654 N/mm^

15.52%

100 mm

2.656 N/mm^

-0.10%

Table 5.1) Mesh Refinement
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Finite Element Study

Mesh Refinement
6

5
E 4

i! 3
2

100

200

300

400

500

600

Element Length (mm)

Figure 5.3) Convergence of Mesh Refinement

The prestressing strands were meshed using a 3 dimensional bar element with linear
interpolation. It was found that quadratie interpolation was not suitable for use with
prestressing forees. The eoncrete volume was meshed with a hexahedral stress
element and the mesh was refined using null line elements with fixed element lengths

5.6.

Results and Validation

A linear elastic analysis was carried out on the model and the deflection, force in the
tendon and stress in the section were examined. It was found that the line variation
used to model the transmission length was effective and resulted in a linear
distribution of force along the transmission length as suggested by the Eurocodes.
This distribution of force is shown in Figure 5.4.
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Force In Tendon
70000

Distance Along Tendon (mm)

Figure 5.4) Distribution of Force within Tendons
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Figure 5.5) Contour Plot of Force Distribution within Tendons
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Finite Element Study

LO^accas* t Loadcas* 1

<00 Slab 06*0^9 r,«<M 70 E

C<>*»**

30

Et'My Cofiaoer^t
CofrpcwT.t OY

Max<i^ 0 33934 at nada 13775
Vrwurf -4 50431E-3 *1 '^oOe ii4;)

Figure 5.6) Contour Plot of the Magnitude of Deflection
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Figure 5.5 to Figure 5.7 show the effeets of the prestress on the slab. The stress
eontour plot shows a eoncentration of stress at the end of the transmission length. This
will be examined during the implementation phase to determine if it is an error with
the model or if stress eoneentration form at the end of the transmission length.
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Finite Element Study

Table 5.2) Comparison of Results from LUSAS and Hand Calculations

Table 5.2 shows the eomparison between the results obtained from LUSAS and from
hand caleulations. There is exeellent eorrelation between the values obtained for the
foree in the tendon. While there is a large pereentage error between the values for
detleetion it should be noted that the detleetion is relatively small and as sueh even
small differences, in this case 0.51 mm, will result in large percentage errors. As such,
it is deem that there is good eorrelation between the two sets of answers and so
confidence can be established for the model. The full calculations can be seen in
Appendix B.

Due to meshing problems with the complex geometry of a hollow core slab with an
opening the model failed to run. These issues will be resolved during the
implementation phase. In order to examine the effects of an opening on the stress
distribution of a prestressed slab a simplified prestressed plank was modelled with an
opening. Figure 5.8 shows the stress distribution from this model. It can be seen that
the stress concentration develops longitudinally from the edge of the opening. This
form of stress redistribution is consistent with the guidance provided by the FIP which
states that an opening should be treated as being larger in the longitudinal direction by
twice its width. A similar pattern of stress distribution is expected to be found in
hollow core slabs during the implementation phase.
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Figure 5.8) Stress Distribution in Prestressed Plank with an Opening at Mid-Span
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6.0

Methodology for Implementation Phase

6.1.

Finite Element Modelling

Review of the available guidanee on openings in prestressed hollow core slabs has
shown that the location of the opening has a significant effect. Depending on the
location of the opening either bending, shear or torsional resistance, or a combination
of these, will be affected [3]. As such, the effects of an opening will be investigated at
four different locations. These opening locations will be modelled on at least two
different depths of slab. A 150 mm deep slab and a 250 mm deep slab will be
examined as it is thought that an opening will have a more detrimental effect on a
shallow slab and 250 mm deep slabs have good resistance at all common spans and so
are likely to be widely used. The position and size of the proposed openings are
shown in Figure 6.1.
The two main guidance documents found differed in their design approach in that the
FIP guidance was based on an individual slab whereas the PCI guidanee was related
to prestressed slabs bonded together and working as a flooring system where
additional resistance was provided by adjacent slabs. For this reason both composite
and non-composite individual slabs and a composite and non-composite pair of slabs
will be modelled in order to examine in greater detail the stress redistribution caused
by an opening which requires the cutting of prestressing tendons. The layout and
distribution of the openings shared between a pair of slabs is shown in Figure 6.2.

The slabs will be modelled at two different spans in order to examine if the length of
the span makes a significant difference to the structural behaviour caused by the
opening. It is proposed to model the slabs at seven metre and ten metre spans under an
imposed load of 4 kN/m .
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300
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Figure 6.1) Size and Location of Openings

Eoghan Lodge MEng in Structural Engineering

33

Effect of Openings on Hollow Core Slabs

Methodology for Implementation Phase

300

Figure 6.2) Size and Distribution of Openings Shared Between a Pair of Slabs

6.2.

VBA Design Program

The data obtained from the FE analysis will be used to fonnulate new and up-to-date
guidance on the design considerations of openings in prestressed hollow core slabs.
This design guidance will then be applied to a Visual Basic design program. This
program will guide the user through the input of the necessary design information,
including the size and location of any openings, and will apply these design criteria to
a database of slab cross sections.
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Appendix A - Transmission Length to Eurocode 2
InMilRjid TeKneoUiochla Chofcai
Cork Irmitute o( Techrwiogy

Project
Part of
Structure
Drawing Ref.

Transmission Length
Calcuiations By
Eoghan Lodge
CALCULAUCNS

RCFB^DICE
I S EN 1992 1-1
8 10 2 2(1)
Eqn 8 15

3 1 2(9)
Eqn 3.4

Constant Bond Stress,
ffpi = 3 2
»?i = 1

Orie
OUTPUT

fctd^t)

—

27
1

32
07

O.lUctfctmiti /Yc

fctmU)= (Pcc(0)‘^fctm
=

s = 0.2
t= 3

0.2 0.25 0 38
7 56
3

Pcc= 0.6630

a= 1
ttm = 4.1
3.1 6(2)P
Table NA 1

/■««.(£) = 2.718

2.4.24
Table 2.IN

)'c= 1,5
fctd^t) = 1 269
fbpt = 4.059

8.10.2.2(2)
Eqn. 8 16

Checked By

Transfer of Prestress

PcAt)

3.1.2(6)
Eqn 3.2

Course & Year
DSE5
Calc Sheet No

Oti = 1

^pt

~

1 067
26 29

32

1
1.5

®l®2*^pmo/ fhpl

ai = 1 25

1 1.25

02 = 0.19
4)= 9.3

0.25 0 19
9.3 12.5

"pmO

= 1238 46
/pt = 673.89 mm

Eoghan Lodge MEng in Structural Engineering

36

Appendix B
Concrete Elastic Shortening and
Deflection

Effect of Openings on Hollow Core Slabs

Appendix B

Appendix B - Concrete Elastic Shortening 4& Deflection
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Executive Summary

Executive Summary
The aim of this research was to examine the effects caused by an opening within a
precast prestressed concrete hollow core slab and the factors that influence these
effects.
The variables that have an influence on the effects caused by the opening, which have
been examined, were the location of the opening, the force development option, linear
or parabolic and the length of the transmission zone at the opening.
The effect of the opening on the maximum moment of resistance, MRd, was also
examined. This was compared to a control model, which did not have an opening and
was determined using non-linear Finite Element (FE) analysis and the calculation
method outlined in Eurocode 2 IS EN 1992-1-1. The results from both of these
sources were compared to detenuine if the Eurocode method is sufficient to
accurately calculate the moment of resistance when there is an opening within the
section.
The results obtained from the LUSAS Analysis (FEA) were then compared to the
guidance provided by the Federation Internationale de la Precontrainte (FIP).
After comparing the FIP guidance to the LUSAS model results further guidance was
proposed in order to better allow tor the stress concentration which forms at the
comers of the opening.
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1.0

Introduction

1.1.

Project Aim

Introduction

The aim of this research was to examine the effects caused by an opening in a precast
prestressed concrete hollow core slab. These effects were then compared to relevant
guidance and new guidance was proposed.

1.2.

Project Objectives
Carry out a full Finite Element (FE) analysis, both linear and non-linear, to
examine the effects caused by the provision of an opening, requiring the
reduction of the concrete cross-section and the cutting of prestressing strands,
within a slab at four different locations.
Examine the results from these models in order to determine the influence of
several factors, such as linear vs. parabolic force development, transmission
length and the position of the opening.
Compare all results to the current guidance set out by the Federation
Internationale de la Precontrainte (FIP).
With reference to the results further guidance was proposed to account for the
stress concentrations around the comers of an opening.
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2.0

Validation of Models

Validation of Models

The 150 mm and 250 mm deep slabs were modelled without any openings as a
control. As the stress development within prestressed slabs, without any irregularities,
is well understood the results from these models can be compared to hand calculations
in order to validate the accuracy of the models. The models were validated based on
three sets of data, the stress development, the failure load of the slab and the
deflection of the slab under self-weight and a 5 kN/m live load. The hand calculation
can be seen in Appendix B.

2.1.

250 mm Deep Slab

Figure 2.1 and Figure 2.2 show the comparison between the hand calculated and
LUSAS calculated stress development along the top surface of the slab. These graphs
show correlation between the hand calculation and LUSAS model, which allows
confidence to be established in the results obtained from LUSAS for models created
using the same method.

250 Slab Top Stress @ 5 kN/m^

• LUSAS
Hand Calc

7000

8000

Figure 2.1) Stresses along Top Face of 250 Slab Loaded at 5 kN/m^
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250 Slab Bottom Stress @ 5 kN/m^

• LUSAS
Hand Calc

Figure 2.2) Stresses along Bottom Face of 250 Slab Loaded at 5 kN/m^

Figure 2.3 and Figure 2.4 show the stress development for the 250 mm deep slab
under a failure load of 18.69 kN/m or 22.4 kN/m based on a top width of slab of
1.138 m. The failure load was obtained from calculation as shown in Appendix B.
This check was undertaken to ensure that the hand calculations and LUSAS results
maintained correlation through the full range of stress development in the slab.

250 Slab Top Stress @ 18.69 kN/m^

LUSAS
Hand Calc

Figure 2,3) Stresses along Top Face of 250 Slab Loaded at 18.69 kN/m^
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250 Slab Bottom Stress @ 18.69 kN/m'

LUSAS
Hand Calc

Figure 2.4) Stresses along Bottom Face of 250 Slab Loaded at 18.69 kN/m^

As a further check on the accuracy of the LUSAS models a non-linear analysis was
carried out to establish the failure load of the 250 mm slab and this was then
compared to the failure load calculated using the method outlined in Eurocode 2 IS
EN 1992-1-1. Finally the deflection of the slab was also checked and the comparison
between the hand calculations and LUSAS models for these checks can be seen in
Table 2.1. The reason for the difference in deflection is due to the transmission length.
The hand calculation does not take transmission length into account whereas LUSAS
does. As the values are close to zero, small differences can have a large percentage
difference.

Failure
Load
Deflection

Hand Calc

LUSAS

%

Appendix B

Appendix A

Difference

22.40 kN/m

22.37 kN/m

0.13%

1.998 mm

1.624 mm

18.74%

Table 2.1) 250 mm Slab Verification

2.2.

150 mm Deep Slab

Due to the differences in the slab profiles the 150 mm deep slabs also require
validation. Figure 2.5 and Figure 2.6 show the stress development along the span of
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the slab over the top faee. These graphs show that there is excellent correlation
between the hand calculated stress and the results from the LUSAS model.
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Table 2.2 shows the eomparison of the slab failure load with the failure load
calculated using the Eurocode 2 method and the deflection. Again the difference in
deflection is caused by the variation of force within the transmission length which the
hand calculation does not take into account. In this instance the numbers are not so
close to zero and so the percentage difference is not distorted and gives a clearer view
of the differences.

Failure
Load
Deflection

Hand Calc.

LUSAS

%

(kN/m)

(kN/m)

Difference

8.62 kN/m

8.27 kN/m

4.06%

-12.660 mm

-13.124 mm

3.S3%

Table 2.2) 150 nun Slab Verification

As there is good correlation between the calculated results and the results obtained
from the LUSAS model confidence can be established in the results obtained from
models created using the same methods.
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3.0

Finite Element Modelling

Finite Element Modelling

In order to determine the effeets eaused by the provision of an opening, eonsisting of
the reduetion of the eonerete eross-seetion and the eutting of prestressing strands,
within a precast prestressed concrete hollow core slab a series of 3D finite element
models were created using the Finite Element Analysis programme LUSAS. The
following criteria had to be considered during the modelling process,
•

Variations to be incorporated into each model so as to create a larger dataset
(Model Variables)

•

Model Geometry

•

Boundary Conditions

•

Material Properties

•

Loading Arrangement

3.1.

Model Variables

In order to gain a more comprehensive understanding of the effects of openings, a
number of variables were introduced to the slab section to determine their influence
on the effects eaused by the opening. The variables examined were,

•

The location of the opening

•

The depth of the section

•

The level of prestressing force

•

The transmission length of the prestressing force and force development
model

3.1.1.

Opening Locations

The most significant variable examined was the location of the opening within the
slab section. It was decided to examine the effects caused by four different opening
locations. To provide a better comparison, a fixed opening size of 300 x 600 mm was
used. The openings are to be located at mid-span, in the centre of the section and at
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the edge, and at the end-span of the section, in the centre and at the edge of the
section. These locations are shown in Figure 3.1.

1197

/I

/

1
Figure 3.1) Location of Openings

3.1.2.

Section Depth

The Second variable examined was the depth of the section. Two sections were
modelled, 150 and 250 mm deep slab sections. The models were created based on the
slab profiles manufactured by Ducon Concrete Ltd. The cross-sectional profiles of
these slabs can be seen in Figure 3.2 and Figure 3.3.

Figure 3.2) 150 mm Deep Slab Section
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Figure 3.3) 250 mm Deep Slab Section

3.1.3.

Level of Prestress

The influence of the level of prestress was also inspected. To accommodate this the
two sections selected had a different number of prestressing strands within the section.
Both slab profiles utilised 9.3 mm 7-wire strands to apply the prestressing force,
however the 150 mm deep slab uses eight strands and the 250 mm slab used 12
strands. These strands are prestressed to 70% of their breaking load, after losses.

3.1.4.

Transmission Length

The transmission length is the length of embedment necessary for the steel
prestressing strands to transfer the compressive force into the concrete section. The
transmission length was varied in two ways during the course of this study to
determine the significance of its effects. The first variation on transmission length is
the actual length. The calculations provided within Eurocode 2 show that a large
change will occur in the transmission length depending on the age of the concrete at
the time the prestressing strands are cut. The second variation examined will be the
rate at which the force is transferred, either linearly or parabolically. Eurocode 2
assumes a linear transfer of prestress whereas studies, such as a paper by Balazs, 1993
[2], present a parabolic transfer of prestress. This study will determine if the
simplified linear transfer model chosen by the Eurocodes is acceptable when
compared to the parabolic model.
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Model Geometry

3.2.

The model geometry was created in two stages, the input of the cross-section
geometry and the segmented sweeping of this cross-section in the longitudinal axis.

3.2.1.

Cross-sectional Geometry

The cross-section profiles were obtained from Ducon Concrete Ltd. in the form of an
AutoCAD drawing file. Figure 3.2 and Figure 3.3 show the cross-sections as they
were provided. Before importing the cross-sectional geometry into LUSAS from
AutoCAD, alterations were made to the cross-section to allow for the modelling of the
strands and to allow for greater control in the meshing process. In order to model the
strands it was necessary to create a line intersection in place of each strand. The
remainder of the model was squared-off to improve the mesh quality. Provision was
also made at this stage to allow for the openings both in the centre of the model and at
the edge of the section. The cross-section imported from AutoCAD can be seen in
Figure 3.4.
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Figure 3.4) AutoCAD Cross-Section of 250 mm Slab

In order to import the cross-section into LUSAS the AutoCAD file was converted into
a Drawing Exchange Format (DXF). The cross-section was then imported into
LUSAS as a line model. It was then necessary to convert each individual region into a
surface, excluding the regions which represented the voids in the section. The surface
model is shown in Figure 3.5 with the red dots representing points within the model.
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A null line mesh was then applied to the individual lines of the model to faeilitate
greater eontrol over the volume mesh. A null surface mesh was applied to visualise
these adjustments. This surface mesh was removed before running the model. The
mesh configuration used is shown in Figure 3.6. It is important to select the mesh
configuration at this stage as the configuration will be assigned to each new surface as
the m.odel is swept along the longitudinal axis.

Figure 3.6) Mesh Configuration

3.2.2.

Longitudinal Geometry

The longitudinal geometry was input in stages to allow for the transmission length at
either end of the slab, the opening at either the mid-span or end-span and the
transmission length resulting from the provision of the opening. This was
accomplished using the sweep function within the LUSAS programme. The
completed longitudinal geometry for the mid-span openings is shown in Figure 3.7.
This process was repeated for three different transmission lengths at the opening,
allowing for the prestressing strands being cut at 16 hours, 4 days and 28 days. It was
also repeated for the end-span openings and the 150 mm deep slabs. Dimensions are
not shown in Figure 3.7 as the swept lengths varied depending on the transmission
Eoghan Lodge MEng in Structural Engineering
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length. The various transmission lengths can be seen in Appendix B for 50 N/mm

2

(fck) concrete.

Figure 3.7) Volume Model

Once the volume model was completed, a null line mesh was applied to the
longitudinal lines to facilitate the meshing of the model. In order to model the
prestressing strands, the lines representing the strands where meshed using a line
mesh, which allowed the properties of the strands to be assigned to these lines. A
variable line mesh density was used within the areas of the transmission lengths and
the opening so as to provide a greater mesh density at these areas of interest. The
method used to manually adjust the mesh density at specific areas with a swept
volume is shown in Figure 3.8.
Mesh Spacing
Uniform spacing
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Figure 3.8) Variable Mesh Density Input

Eoghan Lodge MEng in Structural Engineering

12

Effect of Openings on Hollow Core Slabs

Finite Element Modelling

This variable mesh allowed the meshing arrangement shown in Figure 3.9 to be
applied to the model. The variable mesh was also used at the ends of the slab to help
LUSAS aceount for the transmission length.

g^gSSS@sSSg§2gSS§lgg^ is.

■SJ-

Figure 3.9) Mesh Arrangement

3.3.

Boundary Conditions

The boundary conditions within the model refer to the support systems used. In the
case of this study a pin support was applied to one end of the slab and a roller to the
other. These support conditions are applied along the bottom end lines of the model.
As such some erroneous readings are expected at these locations at the base of the
slab as LUSAS applies these restraints to a line and so unrealistic stresses will result.
As these errors are expected, any large stress concentrations within a reasonable
distance of these restraints can be ignored once they have been examined and
reasonable confidence is established that the stated problem is the cause.
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3.4.

Material Properties

The material properties assigned to the models can be classified in two categories,
elastic and plastic. Elastic material properties are used for linear models. For the non
linear analysis of the models, the plastic properties of the concrete had to be
accounted for. The plastic properties of the steel prestressing strands were not
required as prestressing strands must remain within their elastic range to be of use.
3.4.1.

Concrete Material Properties

The concrete material properties were selected from the LUSAS material library. The
50 N/mm (fk) dataset was chosen from the library. The additional material properties
within the dataset are shown in Figure 3.10.

Material Library

Material

Concrete EU

Grade

EN1992-1-1 Table 3.1 fck=50MPa

▼

Properties
Young's modulus

37.0E3

Poisson's ratio

02

Density

2.54842E-9

Thermal exf)ansion

10,0E-6

OK

Cancel

Apply

Help

Figure 3.10) Elastic Concrete Properties

When running the non-linear models, additional material properties are required to
take into account the plastic behaviour of concrete. Concrete Model 94 is an in-built
material model within LUSAS, which includes a large number of variables that effect
concretes plastic behaviour and cracking. This model has default settings for most of
these variables, which were acceptable for the purposes of the models within this
study. The model requires the input of the uniaxial compressive strength and the
uniaxial tensile strength. These variables are shown in Figure 3.11.
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Isotropic

Using the following properties

!V] Plastic
rSastic

O Creep

O Damage

n Shrinkage

QTwo phase

Q Viscous

Plastic ]_____________

Model

Concrete (model 94)

Stress potential type

Von Mises

Section shape

Circular hollow section

Value
50
4 1
22E-3
3 5E-3
115
OS
-0.1
0.425
05
50

LViiaxial compressive strength
Umaiaal tensile strength
Strain at peak umanal compression
Stran at end of scrftenng curve
Biaxial to uniaxial stress ratio
Imbal relative position of yield surface
Matancy factor
Constant m interlock state function
Contact multiplier on e 0
Final contact muftiplier on eO

Heat fraction
Mass conaete
» Reinforced conaete

Compression

Hardening

Total strain

Stress

O’ Total strain

Total strain

Stress

Plastic strain
Haidenmg gradient

Name

Iso 1

(1)

-

Caixel

Apply

Help

Figure 3.11) Concrete Model 94 Material Properties

3.4.2.

Steel Strands

The elastic material properties for prestressing steel as outlined in EN 1992-1-1:2004
are also available within the material library. These properties, as shown in Figure
3.12, were applied to the lines representing the prestressing strands.

Material Library

▼

Material

Steel EU

Grade

Pnestressing strand EN 1992-1-1:2004 ▼

Properties
Young's modulus

195 0E3

Poisson's ratio

0.3

Density

7.85E-9

Thermal expansion

12.0E-6

OK

Cancel

Apply

Help

Figure 3.12) Elastic Steel Properties
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3.5.

Loading Arrangement

There were three distinct loading categories necessary in each model. The application
of the self-weight of the slab, the prestressing force within each strand and the applied
UDLofS kN/ml
3.5.1.

Self-weight and UDL Loading

The self-weight of the slab was applied using the “Body Force” option. This loading
option generates a load based on a linear acceleration being applied to the model, in
this case the acceleration due to gravity of -9.81 m/s . The UDL was then applied to
the top surface of the model using the “Global Distributed” option as a load per unit
area.
3.5.2.

Prestress Loading

The prestress loading was applied to the strands using the “Stress and Strain” option.
This load had to be applied in two stages, a variable force along the transmission
length and a constant force along the rest of the strand. The variable force was applied
using the “Line Variation” utility. This tool allows a force to be varied based on linear
interpolation of an initial to final stress between two points or based on an input
function which describes the rate of change of force between the two points. In this
way both the linear and parabolic development of prestress could be accurately
modelled. Figure 3.13 shows the inputs required for the linear development of force in
the strands which utilised the interpolation option. The parabolic development used
Equation 3.1 to describe the increase in force and Equation 3.2 to describe the
decrease in force along the transmission length, as outlined in the research paper by
Balazs, 1993 [2].

F = (u/8.6)^/^ X (pstrand

F =

[(Lpt - u)/8.6]^^^

X (pstrand
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Line Variation

Interpolation

Distance (x)

▼
1
2

0 Speafy order

0
1

Value (y)
'

1.0
64 4E3

Order Linear
r~1 Equal spaang assumed
Distance type Parametric

Name

0 - Max Stress

Close

(1)

Cancel

Apply

Help

Figure 3.13) Line Variation Options

This line variation in then used in eombination with the “Stress and Strain” loading
option to apply the three to the prestressing strands. Figure 3.14 shows how the line
variation was entered into the loading option.

Figure 3.14) Stress and Strain Input Options
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After the model was suceessfully run it was possible to generate a visual
representation of the stress development to eonfirm that the line variation had worked.
This ean be seen in Figure 3.15. In order to better visualise the eontour diagram it
only shows the foree development to the edge of the mid-span opening.

Figure 3.15) Force Development along Strands to Edge of Centre Opening

Figure 3.16 shows the differenee between the development of the prestressing foree
when using the linear or parabolie function.

Development of Prestressing Force

-Linear
-Parabolic

200

400

600

Distance (mm)

Figure 3.16) Linear vs. Parabolic Development of Prestress
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4.0

250 mm Deep Slab Models

250 mm Deep Slab Models

The 250 mm deep slabs were modelled based on the 25 R 6 slabs produced by Ducon
Concrete Ltd. These slabs incorporate twelve 9.3 mm 7-wire prestressing strands.
Each strand is stressed to 70% of its breaking load of 92 kN, before losses are
accounted for. The loss of prestress caused by the elastic deformation of concrete is
not subtracted from the force applied in the LUSAS model as the model corrects for
this itself The slabs are modelled to span seven metres.

In order to examine the effect of openings within the slab five model arrangements
where utilised. Firstly, as a control a slab with no opening was modelled. Then a
further four models were created with an opening at the centre of mid-span (A), the
edge of mid-span (B), the centre at the end-span (C) and the edge at the end-span (D).
The locations of these openings were previously shown in Figure 3.1 in Section 3.1.1.
a registry of these models, along with CD’s containing the models, can be found in
Appendix A.

During the casting of the slabs the prestressing tendons are generally cut after the
concrete had approximately 16 hours to harden and cure. This results in a
transmission length of 1338 mm at either end of the slab. Openings are generally
created during the casting process by removing the concrete before it hardens, leaving
the prestressing strands uncut. The strands within the opening can then be cut on-site
at a later date. In order to examine the influence of transmission length on stress
development models were created to simulate the cutting of the prestressing strands at
16 hours, 4 days and 28 days. Over the extent of the transmission length the force
within the strand can be assumed to develop in two ways, linearly and parabolically.
Further models were created to determine if there was a significant difference in the
results obtained depending on which force development options was chosen.

The models were run using linear analysis in order to examine the stress development
along the longitudinal axis and to check if the methods used by hand to calculate
stresses in prestressed sections can predict the effects of an opening. Non-linear
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analysis was then used to find the maximum moment of resistance of the slabs, both
with and without the openings, and compared to the results calculated using the
Eurocode method.

4.1.

Results

The results obtained from the FE analysis are presented in two formats, a stress
contour diagram in the longitudinal axis and graphs which examine the stress
development along a stated line of the longitudinal axis. The stress contour diagrams
are shown in Figure 4.2 to Figure 4.4. These diagrams were used to identify the areas
of interest for stress concentrations caused by the openings. After examining the stress
contour diagrams it was decided to produce graphs of the stress development along
the centre of the slabs at 596 mm (1), along the edge of the centre openings at 416 mm
(2) and along the edge of the edge openings at 849 mm (3). These locations are shown
in Figure 4.1

Figure 4.1) Locations of Stress Development Lines

Figure 4.2 was used as a control to give a baseline of the stress development along a
slab without an opening. Using this baseline, the effect of the openings on the stress
development becomes more obvious and areas of interest are easier to identify.
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Loadcase:1 Loadcase 1
Results file: 250 Oblong Cores 25 R 6.mys
Entity Stress - Solids
Component: SZ

Maximum 5.34923 at node 41700
Minimum -7 87359 at node 1416

Top Stress

Bottom Stress

Figure 4.2) Stress Contour Diagrams with no Opening

Figure 4.3 shows the effects of openings at mid-span. This diagram shows that the
provision of an opening within the slab results in stress concentrations forming at the
edges of the openings and an increase in stress, which is caused by the reduction in
cross-section. This increase in top stress, shown in cyan and green in the diagram,
continues longitudinally beyond the opening. This appears to be in line with the
guidance offered by the FIP on the effect of openings [ 1 ].
Ertty Stress • Sdds

Entiy Stress - Solds

Erttv Stress • Sofeds

Coenponert SZ

Conipofwnt

I

I

I

I
I

I'

Maxmum 2.43312 at rxxle 9584

Maximn 5.32139 at node 41700

Mrwnum-10.5138 at fxxJe 12361

Mlnifnum -12 2389 at node 2968

Top Stress

12.865
11.0271

5 51356
•36757

Maxinum 2.7742 at node 65377

MaxwnuD 6 08578 al node 32189

Mnvnurri -13.7665 al node 63490

Minirium -11 1478 al node 574

Bottom Stress

Top Stress

Bottom Stress

Figure 4.3) Stress Contour Diagrams of Mid-Span Openings

Figure 4.4 shows that the openings at end-span do not appear to have a significant
effect when dealing with a UDL over the top surface of the slab. These openings
would have more important effects when dealing with loading that would result in a
shear failure.
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Entty Stress • SoiKis

Eftty Stress • Solds

Corrponert SZ

I

I

399951
349957
2 99963
2 49969
99976
49962

I

I

4 44201
388676
3 33151
2 77626
222101
1 66576

43 999678

1 1105

•0 499939

-0 555252

3.67598
5 51396

0.Q
lilaxnum 0 430392 at node 3355

Maxrrun 6 06924 at node 34451

MaxiTKin 0 355177 at node 28060

MrvnuD -4 06906 at node 4917

Mnenum -7.66345 at r>ode 14316

Mnmun -4 64209 at node 27779

Top Stress

Madmum 6 94906 at node 55653
-9 59283 at node 16386

Top Stress

Figure 4.4) Stress Contour Diagrams of End-Span Openings

4.2.

Comparison

4.2.1.

Effects Caused by the Location of the Openings

Graphs were created based on the areas of interest identified in Section 4.1. These
graphs give a more detailed visualisation of the stress development. Figure 4.5 to
Figure 4.10 show the effects caused by each of the openings along the line shown on
the diagram within the graph. Each opening is applied individually and the location of
each opening is shown on the diagram within the graph. The tension shown at the
ends of the slabs on the bottom face can be ignored as this is caused by the boundary
conditions applied. The tensile limit, under characteristic loads, is taken as the fctm
value from Table 3.1 [3].

Figure 4.5 and Figure 4.6 show the stress development along the centre line of the
slab caused by the four openings and a control stress development from a slab with no
opening. It is clear from these graphs that for the configuration of opening used in this
study the mid-span edge opening (B) has the greatest influence along the centre line.
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250 Slab Top Stresses at 596 mm

Figure 4.5) Top Stresses along Centre Line of Slab

Figure 4.7 and Figure 4.8 show the stress development along the line running along
the edge of the eentre openings A and C. These graphs show that the most signifieant
effects are caused at the edges of the mid-span centre opening (A). However, the mid
span edge opening (B) still causes a significant effect.
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250 Slab Top Stresses at 416 mm

Distance (mm)
Figure 4.7) Top Stresses along Edge of Centre Openings (A & C)

250 Slab Bottom Stresses at 416 mm
D
1 C

— No Ope
' • • Centre Ope (A)
— Edge Ope (B)
• - End Centre Ope (C)
End Edge Ope (D)
— ft limit

Figure 4.8) Bottom Stresses along Edge of Centre Openings (A & C)

Figure 4.9 and Figure 4.10 show the stress development along the line running
through the edge of the edge opening B and D. As expeeted from the previous graphs
the most signifieant effeets are generated at the edges of the opening at mid-span
through which the line of stress development is running.
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250 Slab Top Stresses at 849 mm
j D
’ C

:B
^ A

— No Ope
• Centre Ope (A)
• Edge Ope (B)
- End Centre Ope (C)
End Edge Ope (D)

Figure 4.9) Top Stresses along Edge of Edge Openings (B & D)

250 Slab Top Stresses at 849 mm

O.O.O.O.O.O.O.D.O,
—........ No Ope
..........Centre Ope (A)
— — — Edge Ope (B)
— • - End Centre Ope (C)
0

^

End Edge Ope (D)
——ft limit

Distance (mm)
Figure 4.10) Bottom Stresses along Edge of Edge Openings (B & D)

Figure 4.11 shows a comparison between these stresses and clearly shows that the
edge opening generates the most significant results. The greater magnitude of stress
concentrations caused by the edge opening could be attributed to the torsional effects
generated by positioning the opening off-centre.
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Centre Opening (A) vs Edge Opening (B)

No Ope
Centre Ope (A)
- - - Edge Ope (B)

Figure 4.11) Comparison of Stress Development at Mid-Span

4.2.2.

Influence of Stress Development Option (Linear vs. Parabolic)

Two options for the force development over the length of the transmission length
were examined, a linear and parabolic development. In order to deten-nine if the
selection of one of these options could have a significant influence on the results
obtained, models were created in LUSAS. As it was determined in the previous
section that the edge openings have the greatest influence on stress development,
these opening were used in the models to test the significance of the stress
development option.
Figure 4.12 shows the stress development caused by the edge opening B at mid-span
for both the linear and parabolic force development options. It can be seen that at the
ends of the slab there is an observable difference in the stress in the slab between the
linear and parabolic force development option but there is a negligible difference
around the opening. The difference in influence between the end-span and around the
opening could be caused by two factors. Firstly, at the opening only three prestressing
strands are cut and so only three strands develop a transmission length at this area
which would decrease the influence of the two options. The second possibility it that
the moment is the most significant factor affecting the stress development at mid-span
and so the difference between the two options is not significant. In order to detennine
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which of these two reasons is most likely, the influence of the two options is also
examined at the edge of the end-span edge opening.

Comparison between Linear and Parabolic
Force Development

Linear
Parabolic

Figure 4.12) Linear vs. Parabolic Force Development at Mid-Span

Figure 4.13 compares the two force development options with the stress development
caused by the end-span edge opening (D). In this case, where the moment is still
developing and so has less influence on the stress development, there is a more
significant difference in the results obtained when using the linear force development
option over the parabolic option. As such, in cases where shear failure is likely,
assuming a linear foree development in the strands over the transmission length will
result in a conservative estimate of resistance being obtained. As such the Eurocode is
justified in presenting the force development in the strands as a linear development.
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Comparison between Linear and Parabolic
Force Development

Linear
Parabolic

Figure 4.13) Linear vs. Parabolic Force Development at End-Span

4.2.3.

Influence of Transmission Length

The influence of the transmission length caused by the opening at mid-span will be
examined as the transmission length can easily be influenced since the strands do not
need to be cut during the creation of the opening. The influence of transmission length
at the end-span openings will not be examined as it cannot be controlled at any
reasonable expense as it would require the manufacturer to delay the cutting of the
slabs and thus delay production.
Figure 4.14 shows the stress development along the edge of the mid-span centre
opening (A) for three different transmission lengths at the opening. These are the
transmission lengths caused by cutting the strands at 16 hours, giving a transmission
length of 1338 mm, at 4 days, giving a transmission length of 617 mm and at 28 days,
giving a transmission length of 447 mm. The calculations for the transmission length
are in Appendix B. A failure load of 11.54 kN/m , determined using a non-linear
finite element analysis of the slab, was applied to the top surface of the model and the
results shown in Figure 4.14 were obtained along the bottom surface.
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Figure 4.14 shows that at the opening there is a significant difference between the
results obtained depending on the transmission length used. Counter-intuitively, it
appears that the longer transmission length results in reduced tensile stresses and
therefore results in a stronger slab. This would suggest that it would increase the
resistance of the slab if the strands were cut in the factory when the slabs are being cut
to length at 16 hours after casting.

4.2.4.

Maximum Moment of Resistance

The maximum moment of resistance, MRd, was examined using a non-linear FE
analysis. As a control, a model was analysed without an opening to get a baseline
resistance for a 250 mm deep slab. Further analysis was then carried out on a slab
with an opening at the centre of mid-span (A) and at the edge of mid-span (B). The
results from these models was then compared to the maximum resistance calculated
using the method outlined in Eurocode 2. These results are shown in Table 4.1.
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Max Moment of Resistance
Hand Calc. (kNm)
No Ope

137.37

LUSAS
(kNm)
137.02

%
Difference
0.25%

84.64
13.42%
Centre Ope
97.76
(A)
18.19%
Edge Ope (B)
101.46
83.0
Table 4.1) Max Moment of Resistance Comparison

It can be seen that there is good eorrelation between the results for the eontrol model
without an opening but the Euroeode caleulation method overestimates the resistanee
of the slab when there is an opening ineluded. The models and caleulations these
results are taken from ean be seen in Appendix A and Appendix B respeetively.
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5.0

J 50 mm Deep Slab Models

150 mm Deep Slab Models

The 150 mm deep slabs were models based on the 15 R 7 slabs produced by Ducon
Concrete Ltd. These slabs use eight 9.3 mm 7-wire strands to transfer the compressive
force into the concrete and are modelled to span seven metres. The strands are
stressed to 70% of their breaking load of 92 kN. The results from these models will be
examined to determine the effects of the same variables as outlined in Section 4.0.

5.1.

Results

Figure 5.1 to Figure 5.3 show the stress contour diagrams from the LUSAS analysis.
When examined these diagrams indicate that areas of interest for the 150 mm slabs
are the same as those outlined in Section 4.1 for the 250 mm slabs.
Figure 5.1 shows the results from the control model without an opening. This model is
used as a baseline which shows the normal distribution of forces in a prestressed slab.
Comparison with the stress contour diagrams from the models with openings will
show the effects on the stress distribution caused by the openings.

Loadcase: 1;Loadcase 1
Results file: 150 Slab Circular Cores 15 R 7.mys
Entity Stress - Solids
Component SZ

-10 4739
-8.72829
-6.98263
-5.23697
-3.49131
-1.74566

00
1.74566
3 49131

Maximum 3.62203 at node 78994
Minimum -12.0889 at node 646

Top Stress

Bottom Stress

Figure 5.1) Stress Contour Diagrams with no Opening
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Figure 5.2 shows the stress is redistributed into the area adjacent to the opening with
concentrations forming at the edges of the opening. As with the 250 mm deep slab,
the stress redistribution continues beyond the longitudinal edge of the opening. This
increase in stress continues past the edge of the opening for approximately 315 mm,
which is consistent with the guidance outlined by the FIP [1].

Ertty Stress • Soids
COTponert

I

27 2005
23 3147

15 5431
11 6573

Coffiponert

CoiTpcnert

Co«iiponw+ SZ

I

I

I

20 4236
170196

•534994
-267497

00
267497
534994
802491
106999

■

i'

133749
160498

Maxmun 5 39892 at node 42601

MaxlTunl7 2726a(ncide 106717

Maxifun 2 2219lit node 44541

Matvrun 18 673 fli node 44933

MNron -29 5731 at node 108604

Mnnum -62303 at node 18239

MnTum-26 4134 at node 44103

Mrarun-5.40172 et node 29173

Top Stress

Top Stress

Figure 5.2) Stress Contour Diagrams of Mid-Span Openings

Figure 5.3 show that the effects of the end-span openings are consistent with the
effects caused in the 250 mm deep slab as described in Section 4.1.

Ertty Stress - Soids

isr^

Eittv Stress • Solids

Ertty Stress-Sous

Ertty Stress - Soids

Corrponent SZ

Conponert SZ

I

I

MaxinjTi 0.362844 at node 69024
Mnnjn-12.0352 at node 302

I

I

MaxiTun 4 86329 at node 25042

Maxirun 0 435276 at node 64667

Maxnun 5 1799 at node 29391

»ilrrxin-366104atnode14121

Mrrun-12 .0666 at node 31624

Mnrun-319483 at node 6266

0947149
1 8943

Top Stress

Top Stress

Figure 5.3) Stress Contour Diagrams of End-Span Openings
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5.2.

Comparison

5.2.1.

Effects Caused by the Location of the Openings

Figure 5.4 to Figure 5.9 show a comparison between the stress developments caused
by the different openings along the length of the span at both the top and bottom face
of the 150 mm deep slab. The same checks as outlined in Section 4.2.1 were carried
out in order to determine if the 150 mm deep slabs respond in the same way as the
250 mm deep slabs. As with the 250 mm slabs, the tension shown on the bottom face
of the 150 mm deep slabs at the supports is caused by the method LUSAS applies the
support to a line of negligible width, which causes an artificial stress concentration.
As this problem is understood these tensile concentrations can be ignored.

Figure 5.5) Bottom Stresses along Centre Line of Slab
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Figure 5.4 and Figure 5.5 show the stress development along the centre line of the
span. At this loading arrangement, 5 kN/m , the 150 mm deep slab is close to failure
without an opening and is failing when there is a mid-span opening, as expected. This
differs from the stress conditions in the 250 mm deep slab and highlights the effects
an opening has on the stress development of the slab. As with the 250 mm slab the
greatest effects are caused by the mid-span edge opening (B), which causes the tensile
stresses to exceed the limit resulting in the slabs failure.

Figure 5.6 and Figure 5.7 display the stresses along the line which runs along the edge
of the centre openings (A and C), as shown on the diagram in the graph. As with the
250 mm deep slab, it is at the edges of the centre opening, through which the stress
development is being recorded, that the greatest effects are being generated. These
graphs also show that the provision of the mid-span openings (A and B) causes
significant increases in the tensile stress which causes the slab to fail.

150 Top Slab Stresses at 426 mm
.D

L

] B

] c

[

: A

fO.0.0.0.0.0.0,
No Ope
Centre Ope
— — Edge Ope
• • • End Centre Ope
End Edge Ope

Figure 5.6) Top Stresses along Edge of Centre Openings (A & C)
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150 Bottom Slab Stresses at 426 mm

o.o.o.o.o.o.o.
—— iMo upe
..........Centre Ope (A)
— — — Edge Ope (B)
— • -End Centre Ope (C)
End Edge Ope (D)
--------- ft limit

Figure 5.7) Bottom Stresses along Edge of Centre Openings (A & C)

Figure 5.8 and Figure 5.9 show the stress development along the line shown on the
diagram in the graphs whieh runs along the side of the edge openings (B and D). As
expeeted from previous observations, the greatest effect is cause by the opening at
mid-span closest to the line of stress development being graphed, the edge opening
(B). As in Figure 5.7 it can be seen that an opening at mid-span at this loading causes
the slab to fail in tension.

ISO Top Slab Stresses at 880 mm
[

] B

[

^ A

/.O.O.O.O.O.O.O.^
■ No Ope
Centre Ope
— — — Edge Ope
— • • End Centre Ope
End Edge Ope

Figure 5.8) Top Stresses along Edge of Edge Openings (B & D)
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Figure 5.10 shows that the edge opening (B) eauses the greatest stress eoneentration.
This is eonsistent with the findings from the 250 mm slab, whieh together shows that
regardless of the depth of the slab, an off-centre opening will cause torsional effects
which will further increase the stress concentrations from the opening.

Centre Opening (A) vs Edge Opening (B)
Bottom Stress

No Ope
■•••• Centre Ope (A)
— — Edge Ope (B)

Figure 5.10) Comparison of Stress Concentrations on Bottom Face
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Influence of Stress Development Option (Linear vs. Parabolic)

The influence of the stress development option used within the transmission length
was examined in the same way as it was for the 250 mm deep slab. Figure 5.11 shows
the stress concentrations caused by the edge opening (B) at mid-span. As with the 250
mm slab there is no significant difference in the influence exhibited on the stress
concentration from either option.

Comparison between Linear and Parabolic
Force Development
><1 B

Linear
Parabolic

Figure 5.11) Linear vs. Parabolic Force Development at Mid-Span

Figure 5.12 shows the stress concentration caused by the edge opening at the end-span
(D). At the end span there is approximately a 1.2 N/mm difference between the two
options with the linear development causing the higher concentration. This is
consistent with the comparison of the options on the 250 mm slab and as such the
conclusion that the Eurocode yields a conservative solution is supported.
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Figure 5.12) Linear vs. Parabolic Force Development at End-Span

5.2.3.

Influence of Transmission Length

Figure 5.13 shows a comparison of the effect of transmission length on the stress
concentrations of a 150 mm deep slab caused by an opening at the centre of the slab at
mid-span (A). Two transmission lengths were examined, the transmission length at
four days of 617 mm and the transmission length at 28 days of 447 mm. As with the
same comparison carried out for the 250 mm slab it can be seen that cutting the
strands at an earlier time, resulting in a longer transmission length, results in a
reduction in the stress concentration.

Figure 5.13) Influence of Transmission Length on the Effect of Openings
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5.2.4.

Maximum Moment of Resistance

As with the 250 mm deep slab, the maximum moment of resistanee was examined
using a non-linear FE analysis. The analysis was carried out on a slab with an opening
at the centre of mid-span (A). The results from these models was then compared to the
maximum resistance calculated using the method outlined in Eurocode 2. These
results are shown in Table 5.1.

Max Moment of Resistance
Hand Calc. (kNm)
No Ope

52.79

LUSAS
(kNm)
49.60

%
Difference
6.04%

Centre Ope
28.52
39.51
27.81%
(A)
Table 5.1) Max Moment of Resistance Comparison

This table shows that the Eurocode significantly over-estimates the resistance of a 150
mm deep slab with an opening. The models and calculations these results are taken
from can be seen in Appendix A and Appendix B respectively.
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6.0

Comparison with Current Guidelines

6.1.

250 mm Deep Slab

The current guidance set out by the FIP prescribes a method in which the length of the
opening is increased by twice the width of the opening. The contour diagrams,
especially for the mid-span centre opening (A), shown in Section 4.1 and Section 5.1
show that the redistribution of stress into the area adjacent to the opening extends
beyond the longitudinal edges of the opening by a length approximately equal to the
width of the opening at either end. This is further shown in Figure 6.1 where the stress
caused by the mid-span edge opening (B) extends to the edge of the boundary set out
in the hand calculation using the extended opening dimensions.
Figure 6.1 and Figure 6.2 show the top and bottom face stress distribution of the slab
when there is an opening at the centre of mid-span (A) and separately when there is an
opening at the edge of the slab at mid-span (B). These stresses are measured at a
distance from the edge of the opening where the peak stress concentrations at the
comers of the opening have distributed into the remaining section. These graphs show
that when the stresses are measured at a distance from the opening the stresses lie
within what is expected when using the FIP guidance. However, this is not the case
when the stresses are measured along the edge of the opening, where the stress
concentrations at the comers of the opening results in a sharp peak in stress.

Figure 6.1) 250 Slab Guidance vs. Mid-Span Opening Top Stresses Adjacent to Opening
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FIP Guidance vs. Bottom Slab Stresses
Beside Opening

Hand Calc
• • • • Centre Ope (A)
— — Edge Ope (B)

Figure 6.2) 250 Slab Guidance vs. Mid-Span Opening Bottom Stresses Adjacent to Opening

Figure 6.3 and Figure 6.4 compare the stress distribution, as calculated using the FIP
guidance, to the stresses measured along the edge of the opening. It can be seen from
these graphs that the FIP guidance does not take account of any stress increases
caused by anything other than the reduction in the cross-sectional area and
prestressing force. The stress concentrations that form at the comers of the opening
can significantly exceed the stress calculated using the FIP method, which could result
in a slab failure at a lower load than expected.

FIP Guidance vs. Top Slab Stresses along
Opening

—— Hand Calc
......... Centre Ope (A)
- —— Edge Ope (B)

Figure 6.3) 250 Slab Guidance vs. Mid-Span Opening Top Stresses Along Opening
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Figure 6.4) 250 Slab Guidance vs. Mid-Span Opening Bottom Stresses Along Opening

6.2.

150 mm Deep Slab

The results obtained from the 150 mm deep slab models were compared to the FIP
guidance in the same way as the 250 mm deep slabs. As the slabs with the openings at
mid-span had failed, the accuracy of the guidance could be compared at a range of
loading conditions.

Figure 6.5 and Figure 6.6 show the stress distributions of the slabs with mid-span
openings A and B and compare them to the stress envelope calculated using the FIP
guidance. As with the 250 mm slab, when the stresses are measured at a distance
away from the opening the stress distribution from the models fits within the widened
stress envelope.
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FIP Guidance vs. Top Slab Stresses Beside
Opening

—— Hand Calc
..........Centre Ope (A)
— - — Edge Ope (B)

Figure 6.5) 150 Slab Guidance vs. Mid-Span Opening Top Stresses Adjacent to Opening

Figure 6.6) 150 Slab Guidance vs. Mid-Span Opening Bottom Stresses Adjacent to Opening

Figure 6.7 and Figure 6.8 show how the stress concentrations from the comers of the
opening reach beyond the limits of the stress envelope, highlighting the limitations of
the guidance provided by the FIP.
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FIP Guidance vs. Top Slab Stresses along
Opening

—— Hand Calc
•••• Centre Ope (A)
— — Edge Ope (B)

Figure 6.7) 150 Slab Guidance vs. Mid-Span Opening Top Stresses along Opening

Figure 6.8) 150 Slab Guidance vs. Mid-Span Opening Bottom Stresses along Opening

As the FIP guidance only increases the length of the opening, there is no provision
made to alter the expected stress beyond the increase caused by the reduction in crosssection and prestressing force.
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Proposed Guidance

As stated previously, the problem with the FIP guidance is that it does not provide a
system that causes an increase in the stress in order to allow for the stress
concentrations, which build up around the comers of an opening. In order to allow for
these concentrations it is proposed that in conjunction with the FIP guidance the width
of the opening should be increased by 1.8 times the width of a core within the slab.
The value of 1.8 times the core width was selected after testing several different
configurations, such as doubling the width of the opening and then starting at 1.5
times the core width and increasing tfom there until satisfactory results were obtained
at 1.8 times the core width. This configuration generally results in a portion of the
web being removed which has a greater effect than if only a section of the flange was
removed. Any strands which lie within the area of the increase in width should also be
considered to have been cut. This method has been tested on both the 150 mm and
250 mm deep slabs with openings at mid-span at the centre of the slab and at the edge.
In all four cases the proposed guidance corrected the stress envelope to contain the
stress concentrations without creating a large factor of safety. The proposed guidance
is illustrated in Figure 6.9 and Figure 6.10.

Figure 6.9) Slab Plan

f|H).9 Core Width

^.Q.O.Q.O.O.O.OA

-+Jmoo

Figure 6.10) Slab Section
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However, this method requires further research with openings of different widths and
in different positions to confirm that it is viable. The tests carried out were based at
mid-span and so further testing with the openings at end-span, where shear is the
likely failure method, to detemiine if this method is applicable.
6.3.1.

250 mm Slab Tests

In order to determine if the proposed guidance was viable, the results from the models
with the mid-span centre opening and the mid-span edge opening were plotted. The
hand calculations were then carried out for each of these openings with the opening
being widened by 1.8 times the core width, resulting in an opening of 552 mm. In
both cases the new stress envelope approximated the stress concentrations to a
reasonable degree of accuracy. The test for the mid-span edge opening (B) can be
seen in Figure 6.11 and Figure 6.12.

Figure 6,11) 250 mm Slab Proposed Guidance vs. Mid-Span Top Stresses along Opening
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Proposed Guidance vs. Bottom Slab
Stresses along Opening

— Hand Calc
•••• Centre Ope (A)
—

— Edge Ope (B)

Figure 6.12) 250 mm Slab Proposed Guidance vs. Mid-Span Bottom Stresses along Opening

6.3.2.

150 mm Slab Tests

Figure 6.13 and Figure 6.14 show the results from the test on the 150 mm deep slab
with an opening at mid-span at the edge of the slab (B). In this case the opening was
widened to 480 mm as the cores in the 150 mm slab are narrower than the cores in the
250 mm slab. Despite this and the lower number of prestressing strands the proposed
guidance produced a stress envelope of reasonable accuracy.
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FIP Guidance vs. Top Slab Stresses along
Opening

—— Hand Calc
■•••• Centre Ope (A)
- — Edge Ope (B)

Figure 6.13) 150 nun Slab Proposed Guidance vs. Mid-Span Top Stresses along Opening

Figure 6.14) 150 mm Slab Proposed Guidance vs. Mid-Span Bottom Stresses along Opening

Continued testing of this method on different sized openings in different loeations is
required to validate the method and refine it where neeessary.
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7.0

Conclusions and Recommendations

Conclusions and Recommendations

Correlation between the hand ealeulation and LUSAS model results allows
confidence to be established in the accuracy of the models.

It is recommended that the linear force development option within the transmission
length, as set out within Eurocode 2, be utilised instead of the parabolic option. The
Eurocode option yields a more conservative solution which provides a small factor of
safety.

The strands within an opening should be cut as soon as the concrete has reached
sufficient strength to take the load. This research has shown that a longer transmission
length reduces the tensile stress concentrations at mid-span openings. It is
recommended that further testing, including physical testing, should be carried out to
detenuine the magnitude of the increased resistance.

The FIP guidance is not sufficient to cover the magnitude of the stress concentrations
at the corners of an opening which the LUSAS model results have shown.

This research proposes guidance that is adequate for the mid-span openings. Further
testing with openings of different sizes, in different locations and under different
loading arrangements are required to validate and refine this guidance.
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Appendix A - LUSAS Model Registry
250 Models
Linear Analysis
447 mm Mid-Span Opening Transmission Length
1

250 Oblong Cores 25 R 6

2

250 Oblong Cores 25 R 6 Centre Ope

3

250 Oblong Cores 25 R 6 Side Opel

4

250 Oblong Cores 25 R 6 End Opel

5

250 Oblong Cores 25 R 6 End Side Ope
617 mm Transmission Length
Linear Force Development

6

250 Oblong Cores 25 R 6

7

250 Oblong Cores 25 R 6 Centre Ope

8

250 Oblong Cores 25 R 6 Side Ope

9

250 Oblong Cores 25 R 6 End Centre Ope

10

250 Oblong Cores 25 R 6 End Edge Ope
Parabolic Force Development

11

250 Oblong Cores 25 R 6

12

250 Oblong Cores 25 R 6 Centre Ope

13

250 Oblong Cores 25 R 6 Side Ope

14

250 Oblong Cores 25 R 6 End Centre Ope

15

250 Oblong Cores 25 R 6 End Edge Ope

ULS Loading
1338 mm Transmission Length
16

250 Oblong Cores 25 R 6 Long Transmission Centre ope

17

250 Oblong Cores 25 R 6 Long Transmission Side ope
617 mm Transmission Length

18

250 Oblong Cores 25 R 6

19

250 Oblong Cores 25 R 6 Centre Ope

20

250 Oblong Cores 25 R 6 Side Ope
447 mm Transmission Length

21

250 Oblong Cores 25 R 6

22

250 Oblong Cores 25 R 6 Centre Ope

23

250 Oblong Cores 25 R 6 Side Ope
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150 Models
Linear Analysis
447 mm Mid-Span Opening Transmission Length
24

150 Oblong Cores 15 R 7

25

150 Oblong Cores 15 R 7 Centre Ope

26

150 Oblong Cores 15 R 7 Side Ope

27

150 Oblong Cores 15 R 7 End Centre Ope

28

150 Oblong Cores 15 R 7 End Side Ope

617 mm Transmission Length
Linear Force Development
29

150 Oblong Cores 15 R 7 Side Ope

30

150 Oblong Cores 15 R 7 End Edge Ope
Parabolic Force Development

31

150 Oblong Cores 15 R 7

32

150 Oblong Cores 15 R 7 Centre Ope

33

150 Oblong Cores 15 R 7 Side Ope

34

150 Oblong Cores 15 R 7 End Centre Ope

35

150 Oblong Cores 15 R 7 End Edge Ope

250 Models
Non-Linear Analysis
447 mm Mid-Span Opening Transmission Length
36

250 Oblong Cores 25 R 6

37

250 Oblong Cores 25 R 6 Centre Ope

38

250 Oblong Cores 25 R 6 Side Ope

617 mm Transmission Length
39

250 Oblong Cores 25 R 6

40

250 Oblong Cores 25 R 6 Centre Ope

41

250 Oblong Cores 25 R 6 Side Ope
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150 Models
Non-Linear Analysis
447 mm Mid-Span Opening Transmission Length
42

150 Oblong Cores 15 R 7

43

150 Oblong Cores 15 R 7 Centre Ope

The presented models can be found on the attached CDs.
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Appendix B

250 mm Deep Slab
InMiliuid TexneoIrtKxhld ChofCd
Cork Institutr of Tethrvoloqy

Civil, Stnictural & Environmental Engineering
Project
Pari of
Structure
Drawing Ref
tlmwwmim na^r-

Effect of Opening on Precast Prestressed Concrete
Hollow Core Slabs
250 mm Deep Slab Model Verificatioos

Course & Year
DSE5
Calc Sheet No

Calculations By
Eoghan Lodge
CALCULATIONS

Date
26/09/13
Ot/TPOT

Elastic Deformation of Concrete

P

Pe^

r/P = 772 80 kN
Ac = 167513.0 mm’
Ap = 624.0 mm*
oc = 9 377 N/mm*
= 50 N/mm*
= 58 N/mm*
Ecm(«)

= 37000 N/mm*

Ep = 195000 N/mm*
fc'n

APw =
1 f

i-:emit) A

= 29 65 kN
P = 743.15 kN
= 61 93 kN

per strand

Deflection

<5 =
P =
e=
L=
E =
1=
u=

{Pe)l?

5tuL^

8fc7

384fc7

743 15kN
88 5 mm
700 m
37000 N/mm*
1269589001 50 mm*
9 88 kN/m

6= 1 998 mm
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InstilKjid TeKn«)),»iochia Chofc-ii
Cork Imtitute of Tethnology

Civil, Structural & Environmental Enghieering
Project

Effect of Ojsenmg on Precast Prestressed Concrete
Hollow Core Slabs
250 mm Deep Slab Stress Development
No Ope
Calculations By
Checked By
Eoghan Lodge

Part of
Strxjcture
Drawing Ref
Kfcl LfOJiCE

CALCULATKMS

Strands
Ps,™r«.= 61.57 kN
No. of Strands = 12
PTot,i= 738.84 kN
No. of Strands Cut= 4
Ptcui.op.= 492.56 kN

Poi = 246.28 kN
Section
e = -88.46 mm
Afuii= 167513.03 mm^
Aop,i= 12810a72mm^
1269589001.50 mm^
lop. = 935401555.53 mm*
L = 7000 mm
Btop= 1138 mm
Bfuii = 1197 mm
yTop= 126.89 mm
yBcttom= -123.11mm
Zt„p= 10005508.76 mm^
Zecttom = -1(B12555.35 mm^
Ztop,op.= 7371809.66 mm*
= -7598tB3.93 mm*
Transmission Length
Li= 1338 mm
L2 = 0 mm
Opening
x=

3500 mm

v=

0mm

a=

0mm

b-

0mm

"I.

Loading
Load = 5.00 kN/m*
u}sw= 4.19 kN/m
‘*»irrpo«d = 5.69 kN/m
U) = 9.88 kN/m

Ra= 34.57 kN
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1
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Institiuid Teicnecd^iochla Chorc.»i
Cork Institute of Tethnology

Civil, Structural & Environmental Engineering
Project

Effect of Opening on Precast Prestressed Ckxicrete
Hollow Core Slabs
250 mm Deep Slab Stress Development
No Ope
Calciiations By
Checked By
Eoghan Lodge

Part of
Structure
Drawing Ref
KCTXJILJVUC

CALCULATIONS

OUTPUT

Stress along Top Face

P

M,opp

^Top
Between

^Top

0 mm and

Top

1338 mm

P — ^Ppotai/O * distance from, support
Between

3500 mm

and

3500 mm

P = iiProtai/^z) *(x - distance from support)] + Protaijope
Similar calculations are used for the other transmission lengths

z
0
350
700
1050
1400
1750
2100
2450
2800
3150
3500
3850
4200
4550
4900
5250
5600
5950
6300
6650
7000

P

M

0
193 2691
386 5381
579 8072
738 84
738 84
738 84
738 84
738 84
738 84
738 84
738 84
738 84
738 84
738 84
738 84
738 84
579 8072
386 5381
193 2691
0

OTop

0
0
11 49532 0 593918
21 78061
1 0669
30 85586 1 418945
38 72108 1 748364
45 37626 2413516
50 82141 2 957731
55 05653 3 38101
58 08162 3 683352
59 89667 3 864757
60 50168 3 925225
59 89667 3 864757
58 08162 3 683352
55 05653 3 38101
50 82141 2 957731
45 37626 2413516
38 72108 1 748364
30 85586 1 418945
21 78061
1 0669
11 49532 0 593918
0
0

^Bottom

0
1 696924
3 511184
5 442779
6 993653
6 348306
5 820294
5 409618
5116278
4 940274
4 881606
4 940274
5116278
5 409618
5 820294
6 348306
6 993653
5442779
3 511184
1 696924
0

Top Face Stress Development
43000
40000
^ 33000
"e 3.0000
23000

z
"X 2.0000
2 1.5000

1.0000
03000
0iX)00

1000

2000

3000

4000

Distance
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InstitiuKj TeKnedaiochla Chofcai
Cork Institute of Te<hnoloqy

Civil, Structural & Environmental Engineering
Project
Pari of
Structure
Drawing Ref
RBFBOCE

Effect of Opening on Precast Prestressed Concrete
hlollow Core Slabs
250 mm Deep Slab Stress Develofxnent
No Ope
Calciiations By
Checked By
Eo^tan Lodge
CALCULATiaNS

OUTPUT

Bottom Face Stress Development

0

2000

4000

6000

Distanoe (mm)
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Calc Sheet No
3
Date
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InMitHjid TeicoeotAKxhia Chofcai
Cork Institute of Technology

Civil, Structural & Environmental Engineering
Project

Effect of Opening on Precast Prestressed (Concrete
Hollow Core Slabs
250 mm Deep Slab Stress Development
Mid-Span Opening with FIP Guidance
Calciiatiorts By
Checked By
Eo^tan Lodge

Part of
Structure
Drawirtg Ref

CALCULATUNS

Strands
Pst™nd= 61.57 kN
No. of Strands = 12
Ptoui= 738.84 kN

No. of Strands Cut= 4
Pto..i.op.= 492.56 kN

Pq^= 246.28 kN
Section

e = -88.46 mm
Afuji= 167513.03 mm^
Aop,i = 128108.72 mm^
If„„= 1269589001.50 mm"*
lop, = 935401555.53 mm*

L= 7000mm
Btop= 1138 mm
Bfji= 1197 mm
yTop= 126.89 mm
VBottocfi = -123.11 mm
Ztop= 10005508.76 mm"
ZBoeon,= -1(812555.35 mm"
Ztenno.=
7371809.66 mm"
r-top.op,
ZbatU]ni.op,

7598033.93 mm^

Transmission Length

Li= 1338 mm
L2 = 447 mm
Opening
x=

29(X)mm

y=

449 mm

a=

1200mm

b=

300mm

Loading
Load = 5.{X)kN/m"
ti)sw = 4.19 kN/m
‘*>impo»d = 5.69 kN/m
u)= 9.88 kN/m

Ra= 34.57 kN
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InililHjid TeicneolaKXhId Chore<»i
Cork Imtitute of Tethnology

Civil, Structural & Environmental Engineering
Project
Part of
Structire
Drawing Ref

Effect of Opening on Precast Prestressed Cioncrete
Hollow Core Slabs
250 mm Deep Slab Stress Development
Calculations By
Eoghan Lodge

RSetBCTE

Checked By

CALCULATIONS

OUTPUT

Stress along Top Face

P

Pe

M

‘Top

Between

0 mm and

Top

'Top

1338 mm

P = ^Ptoioi/O * distance from stqjport
Between

2453 mm

and 2900 mm

P= [(/’rotai/^) ♦

-distance from support)] + Protatjope

Similar calciiations are used for the other transmission lengths
Z
0
350
700
1050
1400
1750
2100
2450
2800
3150
3500
3850
4200
4550
4900
5250
5600
5950
6300
6650
7000

P
0
193 2691
386 5381
579 8072
738 84
738 84
738 84
738 84
547 6562
49256
49256
492 56
547 6562
738 84
738 84
738 84
738 84
579 8072
386 5381
193 2691
0

M
0
11 49532
21 78061
30 85586
38 72108
45 37626
50 82141
55 05653
58 08162
59 89667
60 50168
59 89667
58 08162
55 05653
50 82141
45 37626
38 72108
30 85586
21 78061
11 49532
0

Ojop
0
0 593918
1 0669
1 418945
1 748364
2413516
2 957731
3 38101
4 232344
6 059284
6141356
6 059284
4 232344
3 38101
2 957731
2.413516
1 748364
1 418945
1 0669
0 593918
0
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^Bottom
0
1 696924
3 511184
5 442779
6 993653
6 348306
5 820294
5409618
2 334998
1 696367
1 616739
1 696367
2 334998
5 409618
5 820294
6 348306
6 993653
5 442779
3 511184
1 696924
0
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InMitmid Teicn<*oU«xht,i Chofcai
Cork Institute of Technology

CMI, Stnictural & Environmental Engineering
Project
Part of
Structure
Drawing Ref

Effect of Opening on Precast Prestressed Concrete
Hollow Core Slabs
2S0 mm Deep Slab Stress Development
Calcinations By
Eo^ran Lodge

Checked By

CALCULATIONS

KDTJULIlUC

OUTPUT

Bottom Face Stress Development

0

2000

4000

6000

Obtanoe (mm)
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InMiliuKJ TeKr>«>olaiochid Chorcai
Cork Institute of Technology

Civii, Stmcturai & Environmental Engineering
Project

Effect of Opening on Precast Prestressed Concrete
Holkiw Core Slabs
250 mm Deep Slab Stress Devetopment
Mid-Span Opening with Proposed Gudarx:e
Calculations By
Checked By
Eo^tan Lodge

Part of
StnjctiAe
Drawing Ref
RSSBCE

CALCULATIONS

Strands
Ps,™«j= 61.57 kN
No of Strarxis = 12

Ptcui= 73a84kN
No. of Strands Cut= 6
PTotai.Op.= 369.42 kN

Pn, =

369.42 kN

Section
e = -88.46 mm
Afj|- 167513.03 mm^
Aop.1 = 90990.79 mm^
Ifj,= 1269589001.50 mm*
lope= 662464669.54 mm^
L= 7000 mm
Btop= 1138 mm
Bfji = 1197 mm
yTop= 126.89 mm
VBottoai = -123.11 mm
Zt„p= 10005508.76 mm^
Zsotton, = -1(B12555.35 mm^
Ztop,op,= 5220820.32 mm^
Zb«u»n.op. = -5381(B5.57 mm"
Transmission Length
Li = 1338 mm
Lj = 447 mm
Opening
x=

2900mm

Y=
a=

449 mm

b=

300mm

1200mm

Loading
Load = 5.00 kN/m"
(i)sw = 4.19 kN/m
‘*>imp<»Ki= 5.69 kN/m
w= 9.88 kN/m

Ra= 34.57 kN
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Date
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OUTPUT
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Insiiiniid TeKn«)ldHXhta Chorcai
Cork Institute of Technology

Civil, Structural & Environmental Engineering
Project
Part of
Structure
Drawing Ref

Effect of Opening on Precast Prestressed Concrete
Hollow Core Slabs
250 mm Deep Slab Moment of Resistance

Course & Year
DSE5
Calc Sheet No

Calculations By
Eoghan Lodge

Date
26/09/13

W

Checked By

CALCULATIONS

OUTPUT

No Opening
Ep =
P=
Aps =
Ec =
Ac =
e=
1=
d=
fck =
b=
tnal fp
1304 348

195000
743
624
37000
16751303
88.5
1269589002
220
50
280

^
Eui
128 0543 0 008864

1304 347826
0006688963

V
1304 348

Mrd = 137 370848
w=

22 4

Opening
Ep
P
Aps
Ec
Ac
e
1
d
fck
b
trial fp
1304 348

^
99 59778

=
=
=
=
=
=
=
=
=
=

195000
493
416
37000
128108 7163
88 5
935401555 5
220
50
240

Cut
0 010518

1304 347826
0 006688963

1304 348

Mrd = 97 75686484
w=

16

Opening
Ep =
P=
Aps =
Ec =
Ac =
e =
1 =
d =
fck =
b=

195000
557
468
37000
120809 7503
88 5
924484316 5
220
50
200

trial fp

^

Cui

1304 348

134 457

0 008585

1304 348

Mid = 101 4647602
w=

16.6
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